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INTRODUCTION 


Explosion  damage  Is  a  consequence  of  energy  transfer  from  explosive 
to  target.  Mechanisms  for  this  energy  transfer  are  afforded  both  by 
mi oo lies  and  by  blast,  the  relative  Importance  of  which  depends  on  cir¬ 
cumstances.  Missiles  such  as  a  rifle  bullet  or  shrapnel  are  effective 
devices  for  transfer  of  energy,  particularly  when  a  llod ted  amount  of 
this  energy  is  available.  For  large  explosions  or  for  area  targets, 
blast  may  veil  be  a  major  mechanism  for  explosion  damage,  and  Is  also  of 
concern  in  distributed  energy  explosions  and  vith  weapons  that  achieve  a 
focused  blast  effect.  In  addition,  blast  Is  Important  In  connection  with 
the  safety  aspects  of  explosives,  with  disaster  recovery  planning,  and  in 
any  situation  where  protection  against  explosions  is  required. 

To  outline  briefly  the  nature  of  blast,  the  sudden  expansion  of 
originally  highly  compressed  explosion  products  generates  the  blast  wave. 
For  a  conventional  explosive  in  the  ordinary  atmosphere,  the  close-in 
blast  involves  both  these  expanding  products  and  the  air  that  they  are 
pushing  back.  This  air  is  compressed  In  the  push-back  process,  and  so 
acts  to  retard  the  expanding  products  and  to  extend  the  disturbance. 

The  air  portion  of  the  blast  outruns  the  products  portions,  and  at  some 
distance  from  the  explosion  the  blast  Involves  atmospheric  air  only. 

There  are  then  tvo  types  of  blast  waves,  those  close-in  that  are  of  com¬ 
posite  nature  and  Involve  both  explosion  products  and  atmospheric  air, 
and  those  further  out  that  involve  atmospheric  air  only. 

The  two  types  of  blast  waves  are  conveniently  described  In  terms  of 
a  reference  explosion,  chosen  here  as  that  of  a  bare  spherical  charge  of 
TNT  in  the  ordinary  atmosphere,  a  situation  for  which  there  are  detailed 
analytic  calculations  (Kef.  1  and  2)  and  confirming  experiment 

measurements  (Ref. 


DISCUSSION 


:3H0CK  FRONT  OF  A  BLAST  WAVE 

The  sheath  of  highly  compressed  air  surrounding  the  central  core  of 
expanding  explosion  products  moves  out  from  the  explosion  ;t  supersonic 
speed .  A  pressure  Jump,  or  pressure  discontinuity,  marks  its  leading 
cur face .  This  discontinuity  is  the  shock  front  for  the  explosion.  For 


1 


ualnMM  mu"  i» 


toe  reference  explosion,  the  initial  jump  in  pressure  of  the  rurrouading 
ataoenhcre  occurs  at  the  charge  surges  and  has  a  value  of  -about  450  bars 
(ssstii  6,^50  psi).  The  intercity  o/:  this  pressure  J  mp  -Ax reuses  rapidly 
with  Mstssi'c*  out  frss  the  sinter  of  the  enpiosi-jo  -  «&d  approaches  zero 
for  infinite  dl stance.  This  pressure  .lump  is  refer. ^4  to  as  the  'peak 
evssfssssiirs*  for  the  explosive  bit  at  wave, 

'fbess  appears  to  be  no  siispls  nc&ly tic  expression  that  aocfipntely 
describes  behavior  of  the  peak  ev-rrprsosurc  with  dis tease  frots  the  center 
of  the  explosion,  However,  it  bsj&  b«  now  tfcct  th?  pe&i  ovevi.vea.sure 
decreases  with  a  amximtsa  cf  eignt-iHit’d*.  of  the  distance  at  mod¬ 

erate  distance*  such  &s  20  charge  n»ii<  from  the  explosion,  and  that  botu 
closer  in  and  further  out  the  exponent  expressing  the  rate  or  decreast  is 
smller.  At  remote  distances  ?k»  the  explosion  the  peal  cvsrwrc  Assure  is 
Inversely  proportional:  *.o  the  first  pow«r  of  the  distance.  This  is  the 
behavior  of  a  sound  wave.  Kescs,.  it  sajr  be  said  that  my  explosi  re  blast 
eventually  degenerates  into  a  sound  wave,  5fhicfe  is  the  cb/ir^teriistic 
sound  of  an  explosion  far  aw^?  <■ 


PRODUCTS-AIF  IilTERFACE 

The  trenendous  unbalance  between  expiewior-  pressures  sna  those  of  the 
surrounding  atmosphere  serves  to  accelerate  drastically  the  perimeter 
portions  of  the  products  of  detonation.  The  resulting  motiwc  of  this 
material  is  a  primary  mecnanism  for  generation  of  the  atmospheric  distur¬ 
bance.  As  these  rapidly  moving  products  taping*.'  on  surrounding  air,  their 
taction  is  impeded  and  their  forward  mor.entus’  transferred  to  the  air.  The 
location  at  which  forward  notion  of  products  ceases  is  a  basis  for  dis¬ 
tinguishing  between  conqposite  blast  and  simple  air  blast.  For  the  ref¬ 
erence  explosion  the  distance  for  maximum  excursion  of  products  is  about 
1 6  charge  radii,  or  about  95  centimeters  for  the  explosion  of  1  Kilogram 
of  HfP  \2. 4  feet  for  1  pound).  The  peak  elr  t-hock  overpressure  experi¬ 
enced  previously  at  this  distance  is  about  12  bars  (about  175  psi)  in  the 
standard  atmosphere .  Also,  the  mass  of  air  displaced  by  explosion  prod¬ 
ucts  becomes  somewhat  more  than  three  t-iags  the  mass  of  the  explosive. 

At  the  interface  between  products  syscL  air,  the  pressure  urcreases  from 
an  initial  value  r*f  about  450  bars  at  the  charge  surface  down  to  atmos¬ 
pheric  pressure  at  its  maximum  excursion  distance.  However,  this  inter¬ 
face  cannot  be  located  as  definitely  as  this  discussion  implies.  The 
expanding  explosion  products  form  a  roiling  cloud,  and  contact  between 
products  °nd  resisting  atmospheric  air  occurs  in  a  turbulent  interaction- 
iraaettion  zone  rather  than  at  an  Infinitely  thin  contact  surface  (Ref.  6). 
An  important  aspect  of  this  turbulence  is  that  It  becomes  difficult  to 
assign  precise  characteristics  to  the  expanding  explosion  products. 

Uama*  /i  1  /it  s*Vn«**a/*4*mha»4  «4 Af  an  avril  Ae 4  aw  aa  niiA+«^  a^  a1»a- 

where,  should  be  regarded  as  representative  rather  than  as  definitive. 
Furthermore,  the  turbulent  nature  of  the  contact  zone  makes  the  interface 
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appear  to  extend  further  that)  the  distances  computed  on  the  basis  of 
sharp  discontinuity.  Also,  explosion  products  from  an  oxygen  deficient 
explosive  such  as  TNT  may  react  with  oxygen  from  the  air  to  prodi.ee  a* 
apparent  extension  of  the  contact  zone. 


PRODUCTS  CLOUD 

Pressure  initially  within  the  explosior  products  is  detonation  pres¬ 
sure.  For  TUT,  detonation  pressure  is  a  maximum  of  about  177  kilobars  at 
theoretical  loading  density  of  I.65  g/cc,  about  160  kilobars  at  an  achiev¬ 
able  1.615  g/cc,  or  about  148  kilobars  at  nominal  loading  density  of 
1.50  g/cc.  The  central  por  ion  of  this  products  cloud  expands  more  or 
less  directly  in  place,  and  here  the  pressure  decreases  in  accordance  with 
the  isentropic  pressure-volume  relation.  As  this  cloud  expands  it  engulfs 
the  immediately  surrounding  volume,  producing  pressures  which  may  very 
well  exceed  those  at  that  location  produced  by  the  previously  passing  air 
shock  front.  Direct  explosion  pressures  exceed  shock-generated  pressures 
out  to  about  1.6  charge  radii,  where  the  peak  is  about  552  bare  (about 
5,000  psi)  in  the  ordinary  atmosphere.  This  particular  distance  thus 
distinguishes  between  the  region  of  direct  explosion  effects  and  the 
region  of  blast-wave  ef facts. 

To  summarize  these  p .re? sure'  regions,  direct  explosion  pressures  in  the 
ordinary  atmosphere  involve  distances  less  than  about  1.6  charge  radii 
from  explosion  center  and  peak  overpressures  greater  than  about  350  bars 
(5,000  psi).  The  region  of  ccaroos ite  blast  extends  out  to  about  16  charge 
radii  or  more,  with  peak  overpressures  between  350  and  12  bars  (5,000  psi 
and  175  psi).  Simple  air  blast  occurs  at  distances  greater  than  this 
nominal  16  charge  radii  and  shows  peak  overpressures  less  than  12  bars 
(175  psi)  for  the  reference  explosion  in  the  ordinary  atmosphere. 


STRUCTURE  OF  COMPOSITE  BLAST  WAVES 

The  relatively  complicated  pressure  structure  for  a  composite  bla/t 
wave  is  shewn  in  Fig.  1.  Outermost  is  the  3hock  with  its  accompanying 
peak  overpressure,  and  within  it  there  is  an  air  sheath  surrounding  the 
explosion  products.  Next  is  a  layer  of  recompressed  explosion  products 
that  have  been  decelerated  by  impact  with  the  air  sheath.  Within  this  is 
a  zone  of  ;-o.pidly  moving  products  at  a  lower  pressure,  and  then  a  cen¬ 
trally  located  products  cloud.  For  the  particular  time  shown  in  Fig.  1, 
the  air  shock  (S^)  is  at  a  distance  of  5  charge  radii  from  explosion 
center.  The  contact  surface  or  pro-ducts -air  Interface,  (C.S.),  is  at 
about  r.C  charge  redii,  “d  the  (R~)  o-p  wnaurt.* 

impinging  on  previously  decelerated  layers,  the  so-called  second  shock, 
is  just  within  this  distance. 

Figure  2  shows  profiles  for  additional  items  at  this  particular  tiun. 
Discontinuities  at  both  the  air  shock  and  the  second  shock  are  6hovn  ir, 
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ail  these  profiles.  However,  the  profiles  for  the  pressure  and  particle 
velocity  exhibit  continuity  at  the  products-alr  interface  and  only  the 
temperature  and  density  profiles  show  discontinuity,  (The  computations 
which  provide  the  data  for  these  profiles  have  made  suitable  allowance 
for  both  nonideal  gas  behavior  and  for  variation  of  specific  heat  with 
temperature . ) 


BLAST-WAVE  DURATION 

The  pressure  profile  for  a  composite  blast  reaching  out  to  11  charge 
radii  from  explosion  center  is  shown  in  Fig.  3.  At  this  time  pressures 
in  the  central  products  cloud,  have  become  leas  than  those  generated  at 
the  shock  front.  Worded  alternatively,  rarefaction  has  progressed  back 
through  the  explosion  products.  Also  at  this  time  a  negative  pressure 
phaae,  one  with  pressures  less  than  atmospheric,  appears  inward  of  the 
second  shock  in  the  accelerating  products. 

Appearance  of  a  negative  pressure  at  any  location  limits  the  time 
duration  for  the  positive  pressure  phase.  For  nhe  reference  explosion 
this  negative  pressure  appears  first  ut  a  distance  of  about  9  charge 
radii  from  explosion  center  and  so  this  distance  also  marks  the  location 
of  a  minimum  time  duration  for  the  positive  phase.  Closer  in,  pressures 
in  the  products  cloud  persist  for  longer  than  minimum  time,  and  further 
out  the  air  sheath  is  thicker  and  travels  slower,  hence  its  petitive 
pressure  at  a  given  location  persists  fear  a  longer  time. 

Precise  values  for  a  duration  of  the  positive  pressure  phase  of  any 
explosive  blast  (and  its  negative  phase  as  well)  are  rather  difficult  to 
establish  experimentally .  Close  in,  the  turbulent  nature  of  the  products 
cloud  reduces  the  significance  of  any  individual  value,  and  further  out  a 
alow  pressure  subsidence  of  the  less  intense  blast  waves  allows  inherent 
random  fluctuations  to  obscure  the  measurements . 


AIR  BLAST  FBCK  AN  EXPLOSION 

The  pressure  profile  for  a  blast-wave  system  that  extends  out  to 
25  charge  radii  from  explosion  center  is  shown  in  Fig.  4.  At  this  par¬ 
ticular  time  the  explosion  products  have  reached  their  maximum  calculated 
excursion  of  16  charge  radii,  and  the  pressure  at  the  products-air  inter¬ 
face  is  now  atmospheric.  Pressures  within  the  products  region,  including 
those  generated  in  the  second  shock,  are  now  all  less  than  atmospheric. 
Pressures  in  the  air  sheath  extending  from  air-products  Interface  out  to 
the  shock  front  are  all  above  atmospheric,  and  form  a  region  of  positive 

nwrnr»«*iir»  with  wlatlwlv  R^rmVI*  B+.v*iw»+.iir~> . 


The  pressure  profile  for  the  blast  wave  when  the  shock  front  distur¬ 
bance  has  reached  still  further  out  to  50  charge  radii  is  shown  in  Fig.  5. 
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Here,  also,  the  initial  positive  pressure  phase  involves  only  air  from  the 
atmosphere  and  the  air  blast  is  relatively  simple  in  structure.  Closer  in, 
where  both  products  and  air  are  involved,  the  situation  is  more  complex. 
The  second  shock  by  now  has  retreated  to  explosion  center  and  been  reflec¬ 
ted  back  by  the  consequent  implosion.  Passing  through  the  products-air 
interface,  the  density  discontinuity  and  associated  impedance  mismatch  at 
that  interface  causing  a  rarefaction  disturbance,  and  following  shock, 
move  inward  through  the  products.  This  shock  then  implodes  at  the  center, 
etc.,  and  these  processes  repeat  until  all  the  explosion  energy  has  been 
dissipated.  The  magnitude  of  these  supplementary  shocks  is  small,  and  is 
further  diminished  by  turbulence  in  the  products  cloud.  These  complex 
effects  thus  have  little  damage  potential  and  ordinarily  are  disregarded 
in  blast-damage  studies. 

Figure  6  is  a  summary,  to  log-log  coordinates,  of  tne  pre/s  ,_-o- 
distance  relations  for  air-shock  front,  the  products-air  interface, 
for  the  direct  pressures  of  the  expanding  products  cloud,  all  for  the 
reference  explosion.  It  also  indicates  the  pres sure- distance  contours 
for  several  successive  times  t^,  t^,  t*,  and  tj*  after  the  Instant  of 
explosion o 


TIME-OVERPRESSURE  RELATIONS  FOR  AIR  BLAST 

Related  to  the  pressure-distance  relations  for  a  given  time  after 
explosion  is  the  overpressure-time  relation  at  a  given  location,  for  this 
pertains  directly  to  blas>t  damage  potential,  and  to  experimental  bLost- 
wave  measurements.  A  typical  overpressure-time  relation  for  a  specified 
distance  is  shown  in  Fig.  7.  This  is  for  the  free-fieid  overpressures 
at  various  times  at  a  distance  of  about  2?  charge  radii  from  the  reference 
explosion.  Its  peak  overpressure  is  3.6  bars,  and  for  a  1-pound  charge 
of  TUT  this  occurs  about  0.8  milliseconds  after  the  instant  of  explosion. 
The  overpressure  then  decays  to  zero  in  a  duration  of  about  O.70  milli¬ 
seconds  additional  time  (for  this  charge).  For  comparison  with  this 
theoretically  calculated  curve,  Fig.  8  shows  two  actual  overpressure-time 
records  (but  not  to  the  same  scales). 

The  relatively  simple  structure  of  these  blast  waves  permit  their 
description  in  terms  of  single  numbers.  General  appearance  suggests  an 
exponential  relation,  but  the  overpressure  goes  negative  in  finite  time, 
a  behavior  not  accommodated  by  a  simple  exponential.  An  enpirieal  adjust¬ 
ment  is  readily  made,  however,  to  give  a  relation  that  adequately  describes 
the  positive  overpressure  phase  of  the  air  blast.  This  gives 

p  *  p°(l  -  t/td)e'bt/td  (l) 

where  p  is  the  overpressure  at  time  t  which  decays  from  its  peak  value  p° 
at  zero  time  to  zero  value  at  duration  time  td.  The  item  b,  the  decay 
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parameter,  Is  analogous  to  a  rate  constant.  Its  value  varies  with  dis¬ 
tance  from  the  explosion,  decreasing  fro®  a  maximum  of  about  4.17  at  the 
nominal  1 6  charge  radii  marking  the  beginning  of  simple  air  shock  down 
to  a  value  of  about  0.9  at  around  kO  charge  radii.  It  decreases  to  still 
lower  values  at  more  remote  distance  as  the  blast  wave  becomes  distorted 
with  distance  and  presumably  approaches  the  triangular  at  the  more  remove 
distances.  The  triangular  blast  wave  corresponds  to  zero  decay  parameter; 
it  is  of  interest  to  note  that  much  of  the  earlier  theoretical  work  on  - 
j  blast  assumed  a  triangular  blast  wave.  Currently,  for  an  approximation, 
the  value  unity  is  assigned  to  the  decay  parameter  for  all  distances;  the 
insensitive  nature  of  the  relation  makes  this  a  quite  acceptable 
approximation  for  many  purposes. 

The  analysis  of  measured  time-overpressure  relations  and  the  assign¬ 
ment  of  values  to  the  decay  parameter  are  considered  later.  However, 
note  that  the  dimensionless  nature  of  the  decsy  parameter  b  of  Eq.  1 
makes  its  values  apply  directly  to  all  the  various  systems  of  units  used 
In  blast-wave  studies. 

For  the  close-in  composite  blast  wave  there  is  no  simple  analytic 
expression  for  Its  time-overpressure  relation,  and  any  expression  such 
as  the  above  is  at  best  only  an  approximation.  This  composite  shock  not 
only  involves  two  materials,  products  and  air,  but  also  pressure  discon¬ 
tinuities  such  as  the  second  shock,  and  here  a  graphical  presentation  of 
shock  characteristics  is  indicated. 


BLAST  IMPULSE  FER  UJ9TT  AREA 

The  Impulse  characteristic  of  a  blast  wave  is  the  total  momentum 
charge  per  unit  area  of  blast  surface..  It  is  an  important  parameter  in 
the  study  of  blast  damage  potential.  The  positive  impulse  per  unit  area 
is  given  as  the  time  integral  of  the  (positive)  blast  overpressure.  For 
simple  air  blast,  where  the  positive  overpressure-time  relation  can  be 
described  analytically  by  Eq,.  1,  this  integration  provides 

impulse  *  ^  d  p  dt  *  p°td  [(l/b)  -  (1  -e_l>)/b23  (2) 

(per  unit  area)  J  q 

For  the  blast  wave  shown  shove,  with  peak  overpressure  5.6  bars,  duration 
0.70  milliseconds,  and  decay  parameter  1.7,  the  positive  impulse  per  unit 
area  is  computed  by  Bq.  2  as  0.077  bar-milliseconds. 

Impulse  characteristics  are  ordinarily  included  as  part  of  the  com- 
-plete description  of  a  blast  wave,  for  example  the  0,077  bar-milliseconds 
(Fig.  7)  above.  In  addition  to  such  direct  specification  there  are  avail¬ 
able  two  alternative  indirect  methods.  One  is  through  the  decay  parameter, 
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for  in  Eq.  2  this  defines  the  impulse  when  peak  overpressure  and  tine 
duration  are  known.  The  other  indirect  method  is  as  a  fraction  of  the 
square-wave  impulse  value  (product  of  peak  overpressure  and  duration). 
This  indirect  item  is  also  dimensionless,  and  in  the  instance  above  this 
fraction  is  about  0.077/(5-6  x  0.7)  -  0.50.  This  fraction  varies  from  a 
minimum  of  about  0.17  for  the  rapidly  decaying  wave  formed  at  the  demar¬ 
cation  betweer.  composite  blast  and  air  blast  where  decay  parameter  b 
equals  about  4.7,  up  to  a  limiting  value  of  one-half  for  remote  distances 
where  the  blast  wave  approaches  the  triangular  as  the  decay  parameter 
approaches  zero.  Values  for  these  and  other  impulse  factors  have  been 
completed  and  are  listed  below.  Of  these  two  alternative  methods  for 
describing  the  impulse  of  a  blast  wave,  the  one  in  terms  of  decay  param¬ 
eter  has  the  advantage  over  the  fraction  of  square  waves  impulse  in  that 
the  decay  parameter  also  specifies  the  entire  time  history  for  the  posi¬ 
tive  overpressure  phase.  This  provides  additional  information  useful  in 
a  detailed  study  of  target  interaction  and  damage  potential  of  the  blast. 


Decay  parameter 
b 


Fraction  of  square-wave 
impulse  value 

0.500 

0.468 

0.440 

0.415 

0.590 

0.568 

0.548 

0.550 

0.513 

0.298 

0.284 

0.253 

0.228 

0.207 

O.189 

0.175 

0.160 


The  impulse  characteristic  of  composite  close-in  blast  is  much  more 
complex  than  that  for  simple  air  blast.  For  example,  at  distances  of 
about  10  charge  radii  from  the  TNT  explosion  the  free-field  impulse  of 
the  composite  blast  actually  increases  with  increasing  distance.  Direct 
values  for  the  close-in  Impulse  per  unit  area  obtained  by  time  integration 
of  the  complex  overpressure-tiiae  relation  can  be  expressed  simply  in 
dimensionless  form  as  a  fraction  of  the  square-wave  impulse  value.  For 
composite  blast  this  fraction  decreases  from  about  one-half  at  the  charge 
surface  down  to  a  minimum  of  about  0.06  at  about  3  charge  radii,  goes 
through  a  maximum  of  nearly  one-half  at  the  distance  for  minimum  blast 
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duration,  and  then  decreases  dovn  to  about  0.17  at  the  16  ..barge  radii 
that  marks  t':e  maximum  excursion  of  explosion  products. 

REFERENCE  EXPLOSIONS 

Nominal  values  for  the  various  characteristics  of  arbitrarily  selected 
reference  explosions  are  given  in  Appendixes  A  and  B.  Appendix  A  is  based 
on  the  explosion  of  1  kilogram  of  TNT  in  ordinary  air  at  a  temperature  of 
15  Celsius  (59°F)  and  a  pressure  of  1  bar.  Appendix  B  is  for  the  explo¬ 
sion  of  1  pound  of  TOT  in  air  at  59°F  and  15 .6  psia  (typical  conditions 
for  this  Center).  These  values  tabulated  for  reference  explosions  can  be 
applied  to  realistic  situations  by  means  of  the  scaling  laws  as  described 
below . 


SCALING  LAWS  FOR  EXPLOSIONS 

Scaling  laws  for  explosions  are  based  on  the  principle  of  geometrical 
similarity  and  on  the  observation  that  the  spatial  dispersion  of  explosion 
energy  is  a  volume  effect.  Thus  doubling  a  distance  from  an  explosion 
increases  the  volume  of  medium  c  Elected  by  a  factor  of  eight,  hence  eight 
times  the  explosion  energy  (explosive  yield)  is  required  to  achieve  a 
similar  blast.  To  allow  also  for  the  influence  of  the  nature  of  the 
surrounding  medium  on  this  energy  dispersal,  note  that  the  transfer  of 
momentum  from  expanding  explosion  products  to  surrounding  medium  is  a 
mass  effect.  Hence,  energy  release  per  unit  mass  of  surrounding  medium 
is  a  controlling  item.  In  this  study,  atmospheric  density  is  used  as  a 
measure  of  the  relative  mass  of  the  atmospheres  in  which  explosions  may 
occur. 

To  apply  these  concepts,  define  a  "scaled  distance"  as  the  equivalent 
distance  from  a  reference  explosion,  one  that  corresponds  bo  some  actual 
distance  from  come  actual  explosion.  From  basic  considerations 

(scaled  distance)^  x  (reference  atmospheric  density) 

(reference  yield) 

-  (actual  distance)^  x  (atmospheric  density) 

(actual  yield)  * 

Representing  the  yield  as  W  and  atmospheric  density  as  p,  and  with  sub¬ 
script  o  to  identify  the  reference  explosion,  Eq.  3  can  be  rewritten  as 

# 

scaled  distance  .  iactual  dlstaMe)  (4) 

(w/wo)1/5 


or  for  the  ordinary  atmosphere  at  absolute  temperature  T  and  absolute 
pressure  P 


scaled  distance  = 


(actual  distance)  x  (P/P  ) 


1/3 


(5) 


By  an  analogous  sort  of  reasoning,  it  may  be  shown  (Ref.  7)  that  the 
scaled  distance  as  so  defined  also  carries  within  it  a  definition  of 
scaled  time;  That  is 


scaled  time  = 


(actual  time)  x  (p/p^1'^  x  (a/aQ) 


where  a  represents  the  speed  of  sound  in  the  actual  atmosphere  and  8lq 
that  in  the  reference  atmosphere.  1..  the  atmosphere,  this  speed  varies 
with  the  square  root  of  the  absolui'  temperature,  so  that  Eq.  6  may  be 
rearranged  to  give 


actual  time  = 


(scaled  time)  x  (w/w 


(7) 


The  impulse  characteristic  of  a  blast  wave,  that  is,  its  positive 
impulse  per  unit  area,  also  follows  the  scaling  laws.  Defining  scaled 
impulse  as  the  value  for  a  reference  explosion  and  actual  impulse  as  that 
for  some  other  amount  of  explosive  in  seme  other  atmosphere,  the  two  are 
related  as 


scaled  impulse 


actual  time  x  actual  ambient  pressure 
scaled  time  reference  pressure 


Expressed  symbolically,  and  combining  with  Eq.  7 


actual  impulse  =  scaled  impulse  x 


(W/W o)l/5  x  (P/P0)2'/5 

(T/T  )1/S 


These  definitions  of  scaled  distance,  time,  and  inpulse  involve  ratios 
of  absolute  values  for  atmospheric  pressure  and  temperature  raised  to  a 
fractional  power.  In  many  circumstances  this  gives  numerical  values  that 
do  not  differ  greatly  prom  unity.  When  one  considers  the  considerable 
uncertainty  in  measurements  on  any  actual  explosion,  it  becomes  apparent 
that  these  ratios  often  may  be  taken  as  unity  without  introduction  of 
additional  error.  This  makes  for  a  desirable  simplification  in  formulas 


17 


JWJ&MSk 


for  the  sealing  laws.  Furthermore,  measure  explosive  yield  in  relative 
rather  than  in  absolute  terms  such  as  the  energy  release  implied  above. 
That  is,  our  reference  explosive  yield  can  be  that  of  unit  mass  of  some 
reference  explosive.  As  a  reference  explosive,  TNT  has  desirable  aspects 
of  being  reproducible,  relatively  safe,  inexpensive,  and  readily  available 
In  calibration  amounts.  The  value  for  the  reference  yield  WQ  then  becomes 
unity,  and  value  for  the  actual  yield  W  becomes  its  TNT  equivalent. 

In  these  circumstances, 


(actual  distance)  =  (scaled  distance)  x  vr^' ") 

(10) 

(actual  time)  =  (scaled  time)  x 

(11) 

,  »  i  /x 

(actual  impulse )  =  (.scaled  impulse)  x  VT'*' 

(12) 

where  W  is  effective  yield  in  terms  of  the  equivalent  amount  of  TNT  for 
the  explosive  whose  explosion  is  being  studied.  Equations  10-12  should 
be  regarded  as  merely  convenient  approximations  for  the  primary  forms  of 
the  scaling  law  as  in  Eq.  3,  6,  and  8.  Various  aspects  of  these  scaling 
lava  are  illustrated  by  numerical  examples  in  the  calculations  of 
Appendix  C. 


LIMITATIONS  OF  SCALING 

It  is  to  be  emphasized  that  the  scaling  laws,  both  xn  original  and 
in  approximate  forms,  have  been  deduced  on  the  basis  of  explosions  with 
geometrical  similarity.  That  is,  these  scaling  laws  apply  to  exp], os ions 
related  to  each  other  as  a  photograph  is  related  to  its  enlargement. 

Thus,  in  general,  data  on  a  free-field  reference  explosion  cannot,  be 
expected  to  apply  directly  to  a  blast  wave  which  has  undergone  the  com¬ 
plicating  effect  of  interaction  with  a  ground  surface,  nor  can  a  free- 
field  explosion  be  scaled  to  one  which  gives  shock  reflections  or  Mach 
stem  formation.  Furthermore,  there  is  also  the  requirement  that  two 
explosions  to  be  compared  must  occur  in  atmospheres  of  the  same  general 
nature.  Thus  the  scaling  laws  cannot  be  vised  to  apply  data  for  a  refer¬ 
ence  explosion,  in  the  ordinary  atmosphere  to  an  underwater  one,  nor  to 
an  excatmospheric  explosion  of  outer  space.  But  on  the  other  hand,  most 
crnventional  explosives  have  about  the  same  charge  density,  the  same 
energy  release,  and  generate  about  the  same  volume  of  gas  per  unit  mass 
of  explosive.  Thus,  ordinary  explosions  may  actually  meet  the  scaling 
law  requirements  of  geometric  similarity  in  ,nany  circumstance.';. 

For  nuclear  explosions,  both  charge  radius  and  products  excursion 
distance  are  very  small  and  quite  different  from  those  for  a  TNT  reference 
explosion  with  the  same  energy  release.  Hence,  these  close-in  effects  do 
not  scale  to  TNT.  But  for  remote  distances,  the  blast  wave  from  either  a 
nuclear  or  conventional  explosive  involves  air  only  .and  each  has  the  same 
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general  behavior.  An  empirical  adjustment  can  bring  these  two  air  blast 
wa/es  into  general  conformity.  Such  an  adjustment  indicates  that  the 
effective  energy  release  in  a  nuclear  explosion  is  about  the  actual 
energy  release. 


Another  instance  of  im-.erest  is  the  explosion  of  a  gaseous  mixture, 
for  example  that  of  methane  and  air.  Lack  of  geometrical  similarity 
between  the  large  charge  size  of  a  gaseous  explosive  and  the  small  charge 
size  of  relatively  dense  TNT  means  that  TNT  is  hardly  a  suitable  reference 
fcr  gaseous  explosives  at  close-in  distances.  However,  at  remote  dls- 
•cances  where  only  air  blast  is  of  concern,  TNT  might  well  suffice  as 
reference . 

Nonspherical  explosions  are  not  readily  scaled  to  a  reference  spheri¬ 
cal  charge  of  TNT,  an  observation  of  importance  in  the  study  of  focused 
blast  explosions  and  in  the  study  of  blast  from  many  types  of  distributed 
energy  explosions. 

For  explosions  in  the  atmosphere  at  high  altitudes  the  maximum  excur¬ 
sion  of  explosion  products  is  relatively  much  greater  than  for  explosions 
at  sea  level.  Here  the  basic  requirement  for  geometrical  similarity  may 
not  be  met,  even  for  two  charges  of  the  same  explosive.  Hence  at  the  very 
high  altitudes  the  scaling  law  must  be  used  with  reservation,  partic ularly 
•vhen  within  the  region  of  composite  blast. 

For  an  explosion  in  contact  with  a  plane  unyielding  surface,  the 
expi os ion  energy  is  released  into  a  hemisphere  rather  than  into  a  sphere- 
Hence  these  blast  waves  may  be  equ/>  •>.  "lent  to  free- field  waves  generated 
with  twice  the  energy  release.  Simi.ar  considerations  apply  to  those 
special  shock  tubes  where  the  explos.on  energy  is  concentrated  into  a 
small  portion  of  a  sphere.  This  gives  a  corrcv  oiding  magnification  of 
effective  explosion  yield,  provided  of  course  Jh\i  the  requirements  of 
the  scaling  laws  are  otherwise  met. 


SCAL.CNC-  LAW  YIEi.IT> 

Ar.  interest  ng  application  of  the  scaling  laws  for  explosions  is 
inverse  of  the  one  implied  above.  Here  an  equivalent  yield  from  some 
actual  explosion  is  computed  from  the  characteristics  of  thf  blast  wave 
it  produces.  This  technique  is  illustrated  in  Appendix  C.  In  general, 
the  calculation  first  establishes  a  scaled  distance  from  some  character¬ 
istic  of  the  blast  wave  such  as  its  overpressure,  speed  of  its  shock 
front,  or  its  positive  impulse  per  unit  area.  Then  by  Eq.  5 

calculated  yield.  /  actual  distance \  .  c)  *  \ 

reference  yield  \  scaled  distance  ]  x  (t/T. )  \  j) 
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For  the  special  circumstance  that  reference  and  ambient  pressures  and 
temperatures  do  not  differ  greatly,  and  where  the  reference  explosion 
corresponds  to  unit  yield,  Eg..  13  reduces  to  the  simple  relation 


calculated  yield  = 


/actual  distanceN  J 
\  scaled  distance  J  ( 


5 


as  illustrated  in  the  calculations. 


0-4) 


There  ere  some  cautionary  observations  to  be  made  about  calculated 
yiild  values  obtained  from  JBg,.  Ij  or  14.  One  is  that  the  calculation 
involves  the  cube  of  a  ratio,  and  this  magnifies  any  inherent  uncertainty 
by  a  factor  of  three.  Thus  these  calculations  are  inherently  of  low  pre¬ 
cision.  Furthermore,  the  yield  value  obtained  is  basically  one  for  a 
Spherically  symmetrical  explosion.  Thus,  it  is  to  be  anticipated  that 
calculated  values  for  the  yield  of  an  actual  explosion  may  vary  and 
depend  on  the  type  of  data  used  in  the  calculation.  Nevertheless,  the 
data  provide  useful  information  for  evaluation  studies  even  if  the 
Requirements  for  geometrical  similarity  with  a  reference  explosion  are  not 
met.  Tl*is  is  the  situation  in  many  instances  of  interest  such  as  a  dis¬ 
tributed  energy  explosion  and  focused  blast.  These  items  and  calculations 
are  in  need  of  investigation.. 


EXPSRBIEIWAL  H1AST  IfflASURiaffiNTS 

~ ;  Experimental  measurements  on  blast  waves  are  extraordinarily  difficult 
to  nake  (Ref.  $)  .■  They  require  highly  sophisticated  instrumentation  along 
>4^1  utmost  care  In  calibration  and  measurement.  Furthermore,  ingenuity 
aid  techni^re  aTe  required  in  order  to  avoid  spurious  effects  such  as 
.  unanticipated  reflections  from  the  earth's  surface,  from  the  formation  of 
a  Mach  stem,  or  from  some  interaction  between  blast  wave  and  supporting 
fixtures  for  measuring  instruments.  Indeed,  blast  measurements  are  so 
troublesome  that  any  individual  value  is  always  suspect.  This  also 
applies  even  to  complete  sets  of  measurements  if  all  are  made  with  the 
seure  instrumentation  using  tba  same  technique.  Only  in  individually 
calibrated  and  independent. y  made  duplicate,  triplicate,  or  replicate 
measurements  can  full  reliance  be  placed,  and  even  so  the  inherent 
.uncertainties  should  be  recognized.  But  within  such  limitations  the 
experimental  measuremente  yn  blast  waves  from  spherical  charges  conform 
quite  well  with  data  on  TNT  explosions  as  given  in  Appendixes  A  and  B  and 
4s  scaled  up  (or  down)  in  accordance  with  the  Dealing  laws . 

Even  with  adequate  instrumentation  and  proper  calibration,  any  par¬ 
ticular  setup  almost  always  involves  some  port  of  choice  or  compromise . 

One  common  choice  is  between  an  instrument  that  is  stable  and  reliable 
.but  islow  in  reap  arise,  ana.  One  iri.th  «.  fast  rise  time  capability  but  which 
may  overshoot  and  be.  sensitive  to  extraneous  noise.  Figure  8  shows  (but 
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not  to  the  case  scale)  actual  pressure  records  from  these  t„*o  types  of 
of  blast  gages  for  the  same  blast  wave.  The  lower  record  was  obtained 
with  a  low  impedance  but  stable  pressure  gage .  Its  reading  for  the 
instantaneous  initial  peak  overpressure  seems  too  low.  The  upper  record, 
is  with  a  high  impedance  gage  with  considerably  faster  response.  Here 
the  initial  peak  seems  well  recorded,  but  some  overshoot  may  be  present 
and  the  entire  record  seems  to  be  a  noisy  one. 

To  minimize  these  particular  gage  problems,  a  systematic  method  of 
smoothing  experimental  curves  suitable  for  the  special  case  of  a  simple 
overpressure- 1  trae  relation  without  a  multiple  peak  or  incidental  negative 
pressure  portions  has  been  suggested.  This  involves  two  semilogarithmic 
plots.  One,  for  the  early  times  of  the  blast,  is  the  logarithm  of  the 
overpressure  versus  the  time.  Here  back  extrapolation  to  zero  time  gives 
a  reliable  value  for  the  initial  peak  overpressure  (see  Fig.  9)*  The 
second  plot  is  of  the  overpressure  at  later  times  versus  the  logarithm 
of  the  time,  as  in  Fig.  10.  The  resulting  compression  of  the  time  scale 
makes  the  curve  approach  linearity  and  permits  a  good  estimate  of  the 
duration  time  for  the  overpressure  as  the  time  when  the  curve  intersects 
the  overpressure  axis. 


In  addition  to  providing  a  smoothed  value  for  peak  overpressure  and. 
duration, the  two  semilogarithmic  plots-  also  establishes  the  decay  param¬ 
eter  of  Eq.  1.  For  this,  note,  that  the  term  (l.  -  t/td)  of  Eq.  1  approaches 
e-t/%  as  time  t  approaches,  zero.  That  is,  at  early  times  Eq.  1  reduces 
to 


=  pp  e-a  b)t/ta  (as,  t 


■  0) 


(15) 


Taking  logarithms  *  then 


In  p  -  — L-L-t., .)?.).  t  +  constant  (as  t  ->0) 


(16) 


Comparing  Eq.  1 6  with  the  formula  for  a  straight  line,  it  can  be  seen 
that  the  slope  of  the  semilogarithmic  plot  cf  overpressure  (base  e  value) 
versus  time  is  the  negative  value  of  the  item  (3  +  b)/ng.  Equating  and 
solving  for  decay  parameter  b, 

b  =■  -(slope)  x  td  -  1  (17:) 

That  is,  measuring  the  intercept  and  slope  of  the  plot  of  Fig.  9  and  the 
intercept  on  the  plot  of  Fig,  10  .provides  values  for  peak  overpressure, 
the  duration,  and-  decay  parameter,  with  these  data  the  entire  over- 
pressure-time  curve  can  be  reconstructed  mathematically  and  compared  with 
the  original  measurements  to  provide  a  check  on  the  analysis,. 
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FIG.  10.  Log  Time  Versus  Overpressure.  Duration  1.-40  ms, 
decay  parameter  =  JL.-40  x  2.1  -  1  =  1.94. 


A  further  check  on  the  instrumentation  and  on  the  overall  propriety 
of  this  analysis  of  experimental  data  is  provided  by  values  computed  for 
the  impulse.  It  has  beer,  observed  that  directly  measured  impulse,  values , 
as  obtained  by  graphical  or  numerical  integration  of  the  overpressure- 
time  curve,  are  relatively  immune  to  response  time  end  noise  errors.  If 
the  value  for  the  impulse  as  calculated  using  the  decay  parameter  agrees 
with  the  directly  measured  value  it  suggests  that  a  reasonably  reliable 
record  of  the  explosion  has  been  obtained. 


DYNAMIC  PRESSURE  FOR  A  BLAST  WAVE 

A  requirement  for  target  damage  is  interaction  between  blast  and 
target.  One  interaction  effect  is  described  by  the  dynamic  pressure  q, 
defined  as  q  =  l/2  pu2,  where  p  is  the  density  of  the  mo’ing  stream  and 
u  its  velocity.  For  air,  the  dynamic  pressure  may  he  expressed  alter¬ 
natively  as  q  =  l/2  k  M2  P,  where  k  is  the  specific  heat  ratio,  M  the 
Mach  number  for  the  moving  stream,  and  P  its  absolute  pressure.  The 
dynamic  pressure,  when  multiplied  by  a  drag  coefficient  for  some  partic¬ 
ular  object,  gives  the  drag  force  per  unit  area  exerted  by  the  moving 
stream  on  that  object. 

Dynamic  pressures  are  important  r»  steady- flow  situations  such  as 
aircraft  propulsion  or  flight  of  missiles.  They  are  a], so  of  interest  in 
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some  blast  situations,  for  example  a  water  tank  subjected  to  the  blast 
wind  of  a  nuclear  explosion.  But  for  ordinary  explosions  the  time  dur¬ 
ation  of  the  blast  wind  is  relatively  short  and  the  blast- target  inter¬ 
action  is  a  transient  one.  Here  the  dynamic  pressure  of  steady  flow  is 
sot  particularly  pertinent,  and  indeed  it  is  so  ill-defined  physically 
in  these  explosion  situations  that  even  its  direct  measurement  is 
troublesome.  Rather,  for  dynamic  blast  loaur.  in  conventional  explosions 
the  important  blast-target  interaction  is  the  transient  one  of  shock 
reflection. 


REFLECTED  OVERPRESSURES 

Shock  reflection  effects  include  normal  reflection,  oblique  reflec¬ 
tion,  and  Mach  stem  formation.  The  most  damaging  of  these,  at  least  for 
tough  targets,  ordinarily  is  normal  reflection.  For  simple  air  blast  the 
overpressure  developed  in  this  reflection  can  be  established  analytically. 
This  is  conveniently  described  in  terms  of  a  reflection  coefficient,  the 
ratio  of  reflected,  overpressure'  to  overpressure  in  the  free  field.  For 
distances  remote  from  an  expl vs ion  this  reflection  coefficient  appi caches 
two  as  a  lower  limit,  as  for  sound  waves.  It  increases  markedly  with 
shock  intensity,  reaching,  about  5.8  at  the  nominal  1 6  charge  radii  that 
marks  the  inner  limit  of  simple  air  blast  in  the  reference  explosion. 
Corresponding  peak  reflected  overpressure  here  is  5.8  x  12  =  70  bars 
(100  psi)  versus  the  12  bars  for  the  simple  side-on  overpressure.  It  is 
to,  be  recognized  that  overpressures  such  as  70  bars  can  be  very  damaging, 
even  though  of  a  transient  nature. 

-O  "s'* 

Reflection  effects  for  composite  blast  close  to  the  explosion  center 
are  more  troublesome  to  study-  Reasons  for  this  include  (l)  an  increase 
in  specific  heat  for  air  and  Jor  products  at  the  high  temperatures  gen¬ 
erated  in  these  intense  shocks,  (2)  chemical  dissociation  and  ionization 
effects,  (3)  nonideal  gas  behavior  of  the  highly  compressed  gas  in  the 
intense  shock,  and  (4)  the  finite  time  needed  for  an  equilibrium  distri¬ 
bute  n  of  energy  within  the  shocked  medium.  An  approxi z&oe  analysis 
indi*  ties  that  these  complexities  are  unimportant  at  distances  beyond  about 
lO, charge  radii,  but  that  closer  in  they  become  quite  marked.  The  approx¬ 
imate  analysis  also  indicates  the  reflected  impulse  decreases  monotoni- 
cally  with  distance  in  contrast  with  the  behavior  of  the  side-on  impulse. 
For  the  limiting  situation  on  1  charge  radius,  it  is  estimated  that  the 
reflection  coefficient  for  normal  reflection  is  about  12.2  (versus  a 
theoretical  maximum  of  8.0  for  the  ideal  gas  wit!  specific  heat  ratio 
1.4).  The  calculated  reflected  overpressure  the  charge  surface  becomes 
12.2  x  450  =  5>5$0  bars  (80,000  psi).  An  experimental  study  of  these 
intense  reflected  shocks  is  now  being  planned- 
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BLAST  LOADINGS  ON  STRUCTURES 


In  some  fev  simple  situations  the  load  imposed  by  blast  on  a  target 
can  be  calculated  from  fundamentcls .  Consider  for  example  the  blast  load 
on  the  front  of  a  disk  whose  surface  is  normal  to  the  direction  of  blast- 
wave  travel.  The  peak  reflected  transient  load  is  the  product  of  the 
peak  reflected  overpressure  and  the  target  area.  The  load  decreases  vita 
time  for  two  reasons,  one  the  ordinary  decay  of  the  blast  wave,  the  other 
a  relief  effect  as  the  reflected  overpressures  are  equalized*  The  decay 
of  the  blast  wave  has  been  characterized  by  Eq.  1.  However,  the  reflected 
overpressure  relief  effect  is  an  additional  one  superimposed  on  this. 

With  regard  to  the  relief  effect  for  the  reflected  overpressure,  note 
that  initially  the  reflected  pressure  on  the  face  of  the  target  is  con¬ 
siderably  greater  than  the  pressure  in  the  surroundings.  Hence,  there 
is  flow  from  the  face  of  the  target  into  the  surroundings.  This  relieves 
the  reflected  overpressure  on  the  face  of  the  target.  This  relief  is  in 
the  form  of  a  rarefaction  wave  that  moves  in  from  edge  to  center.  Con¬ 
sidering  a  particular  point,  the  rarefaction  wave  arrives  at  some  time 
tp,  when  the  pressure  relief  starts.  This  is  then  completed  at  some 
later  time,  tg.  After  relief  jf  the  reflected  overpressure,  the  disk 
senses  only  the  free- field  overpressure  plus  an  incremental  stagnation 
overpressure  maintained  by  the  impact  effect  of  the  moving  blast  wind. 

A  method  of  characterizing  all  these  effects  is  indicated  in  Mg.  11 
which  illustrates  various  overpressures  associated  with  the  blast  wave. 

The  primary  one  of  these  is  the  sidc-ou  or  free-field  overpressure,  but 
also  included  are  the  reflected  and  stagnation  overpressures.  Each  varies 
with  time,  as  shown.  Reflected  overpressure  exists  on  the  face  of  the 
disk  from  zero  time  until  relief  starts  at  time  tp,  and  the  pressure  after 
relief  is  completed  at  time  tg  is  the  stagnation  overpressure.  The  relief 
process  recurs  between  times  t^  and  to  at  intermediate  pressures.  Assign¬ 
ing  representative  values  to  times  t^  and  tg  based  on  speed  of  travel  of 
a  rarefaction  wave  mid  on  dimensions  of  the  disk,  the  blast  load  predicted 
for  the  center  of  a  disk  in  a  particular  situation  is  that  of  Mg.  1 2. 

The  general  form  of  this  predicted  dynamic  load  on  the  front  face  can  be 
compared  with  dynamic  loads  as  measured  at  centers  of  a  3“i»ch  disk  and 
of  a  9-inch  disk  and  shown  in  Fig.  13 .  The  general  agreement  between  pre¬ 
dicted  and  observed  loads  lends  encouragement  to  this  method  of  analysis, 
at  least  for  simple  targets. 


DAMAGE  POTENTIAL  OF  BLAST 

Damage  to  a  target  from  blast  comes  from  motion  of  the  target  as 
imparted  by  forces  of  the  blast  wave.  In  principle,  an  analytic  solution 
for  target  motion  can  be  obtained  from  the  equation  of  motion  expressing 
the  relation  between  target  mass,  its  acceleration,  and  the  imbalance 
between  the  driving  force  of  the  blast  wave  and  the  resistance  of  the 
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target.  The  driving  force  is  a  transient  one-,  given  as  the  product  of 
target  cross-sect 5  on  area  .ana  a  blast-wave  overpressure  such  as  that  of 
Fig.  12  or  13.  The  resistance  of  the  target  depends  on  Its  structural 
features.  However,  for  dynamic  situations  this  is  seldom  known  precisely 
and  indeed  perhaps  is  not  capable  of  "being  known.  Furthermore,  even  if 
"both  the  transient  driving  force  of  the  blast  wave  and  ibe  dynamic 
resistance  of  the  target  were  known,  the  mathematical  form  of  the  equation 
of  motion  is  not  conducive  to  a  simple  solution,  but  rather  calls  for 
numerical  or  -analogue  methods.  Hence,  only  in  simpler  situations  is  a 
precise  solution  for  target  motion  in  response  to  blast  to  be  obtained. 

As  an  alternative  to  an  exact  solution  for  target  notion,  various 
empirical  es  timates  of  the  damage  potential  of  blast  have  been  need. 

One  of  these  is  based  on  the  peak  overpressure  in  the  free-field  blast 
wave.  For  example,  it  may  be  stated  that  apeak  overpressure  of  such 
and  such  psi  causes  major  target  damage.  It  should  be  recognized  that 
such  a  statement  even  if  correct  can  at  best  be  only  ;a  crude  approxi¬ 
mation.  It  ignores  the  fact  that  the  damage  potential  of  blast  is  a 
function  of  two  individual  items,  the  transient  blast  loading  plus  the 
dynamic  response  of  the  target;  two  such  aspects  are  always  involved  in 
assessment  of  damage  potential. 

A  two-aspect  criterion  for  blast  damage  potential  that  has  met  with 
considerable  success  is  the  "critical  inpulse  within  a  critical  time*' 

(Ref.  9)  ♦  This  criterion  states  that  for  each  possible  target  there 
exists  some  critical  impulse  above  which  the  target  is  damaged  if  such 
impulse  is  received  vithin  a  critical  time,  but  below  which  there  Is  no 
effect.  The  identification  and  selection  of  the  critical  time  for  any 
specific  target  is  essentially  empirical,  but  may  logically  be  taken  as 
about  one-guarter  the  natural  period  of  free  vibration.  ‘The  damage 
potential  of  the  blast  for  some  specific  target  becomes  the  net  impulse 
per  unit  area  obtained  by  time  integration  of  the  blast  overpressure  out 
only  to  the  specified  critical  time .  This  criterion  seems  a  realistic 
one,  and  hag.  been  shown  to  agree  with  direct  observations  of  various  -damage 
effects  in  several  circumstances. 

An  interesting  point  in  connection  with  this  two-aspect  criterion  is 
that  the  ratio  of  critical  impulse  to  the  critical  time  for  any  target 
corresponds  to  a  sort  of  "critical  overpressure"  for  that  target.  This 
critical  overpressure  can  be  interpreted  as  the  minimum  overpressure 
capable  of  causing  damage,  but  which  actually  would  cause  damage  only  if 
sustained  for  at  least  as  long  as  the  critical  -time. 
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Appendix  C 

ILLUSTRATIVE  CALCULATIONS 


The  scaling  laws  in  their  simplest  form  are  adequate  for  the  following 
calculations .  c 

A.  A  spherical  charge  equivalent  to  27  pounds  of  TNT  explodes  in  the 
ordinary  atmosphere .  At  what  distance  should  a  gage  be  placed  for  peak 
side-on  overpressures  in  the  order  of  50  psi? 


Answer:  The  scaled  distance  for  a  peak  side-on  overpressure  of 
50  psi  is  found  in  Appendix  B  to  be  about  3 .85  feet*  Actual  distance  by 
Eq.  10  =  3*85  x  (27)1/3  =  11*5  feet. 

B.  What  is  the  duration  for  the  positive  &J.de-on  overpressure  for 
the  blast  wave  of  calculation  A? 

Answer:  Prom  Appendix  B,  the  scaled  side-on  duration  is  obtained  as 
O.698  ms.  Actual  duration  by  Eq.  11  =  O.698  x  (27)1/3  «  2.1  ms. 

>*  -  < 

C.  What  positive  impulse  is  anticipated  for  the  gage  of  calculation 
A? 

Answer:  Appendix  B  lists  scaled  side-on  impulse  as  10. 16  psi-sns. 
Actual  iogoulse  by  Eq;  12  =  10.16  x  (2T)V3  =  30.5  psirms. 

D.  Write  an  analytic  expression  for  the  overpressure  time  curve  for 
the  gage  of  calculation  -A. 

Answer:  Proa  Appendix  B,  decay  parameter  b  is  found  as  1.9  (closely) 
and  the  duration  has  been  established  as  2.1  ms .  Hence  the  term  b/t^  of 
the  exponent  for  the  decay  relation  of  Eq.  1  becomes  1. 9/2.1  =  0.9. 
Substituting 

overpressure  ~  50(l  -  t/2.l)e”’^*^fc 

where  t  is  the  time  (in  milliseconds)  after  the  blast  wave  strikes  the 
<•  gage. 

V  •  c 

E.  What  peak  overpressure  would  be  felt  by  a  gage  at  the  same  dis- 

.  ±ahe*  ae  li  *s  feet--  but-  1,  that  is  part  of  as  unyielding  Surface  face-on 
to  the  blast,  wave  of  calculation  A?  Compare  with  the  side* on  value; 


SO 


l  ' 


\<f  , 


,  <,  -v 


\ 

MWC  TP  4&4 


Answer:  At  the  specified  scaled  distance  of  3.85  feet,  the  peak 
reflected  overpressure  is  given  directly  in  Appendix  B  to  be  about  203  psi. 
This  compares  with  the  side-on  value  of  50  psi  and  corresponds  to  a 
reflection  coefficient  of  4.1. 

F.  A  peak  side-on  overpressure  of  59*5  psi  is  recorded. as  a  distance 
of  10  feet  from  an  explosion.  What  is  the  indicated  equivalent  yield,  in 
pounds  of  TNT? 

Answer:  This  peak  side-on  overpressure  corresponds  by  Appendix  B  to 
a  scaled  distance  of  3*60  feet.  Then,  by  the  yield  equation,  Eq.  l4, 

equivalent  yield  =  -  U°/3.6)3  =  21  torni,  TNT 
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